Sulfate (SO 4 2À ) and ammonium (NH 4 þ ) flux records over the last 150,000 years from both Antarctic EPICA ice cores (European Project for Ice Coring in Antarctica) are presented. The ice core record from Dome C is influenced by the Indian sector of the Southern Ocean (SO), whereas Dronning Maud Land is facing the Atlantic sector. Generally, they reflect the past atmospheric aerosol load and, thus, potentially reveal the fingerprint of marine biogenic sources from the SO. The most important feature of both, the nssSO 4 2À as well as NH 4 þ flux records, is the absence of any significant glacial cycles, in contrary to the distinct transitions for mineral dust and sea salt aerosol over the last 150,000 years. This finding challenges the iron fertilization hypothesis on long time scales, as the significant changes in dust, e.g. from the last glacial maximum toward the Holocene have neither an impact on nssSO 4 2À nor on NH 4 þ fluxes found in interior Antarctica. The inter-site correlation of both species is weak, r 2 ¼ 0.42 for the nssSO 4 2À flux and r 2 ¼ 0.12 for the NH 4 þ flux respectively, emphasizing the local source characteristics of biogenic aerosol from the SO.
Introduction
The Southern Ocean (SO) is a key player in the global carbon cycle (Kohfeld et al., 2005; Fischer et al., 2010 and references therein). The iron fertilization hypothesis introduced by Martin et al. (1990) assumes an enhanced marine productivity and, thus, carbon drawdown with increasing iron supply by the input of aeolian dust during the glacial. Although there are uncertainties concerning the amount of soluble, and biologically available iron in aeolian dust (estimates from 2% up to 90% exist, Watson et al., 2000; Edwards and Sedwick, 2001 ), this effect is most efficient in regions of high macronutrient concentrations but low productivity due to a limitation in iron such as the SO. Recent model and ice core studies attribute a drawdown of 4-45 ppmv of atmospheric CO 2 to the iron fertilization effect (Bopp et al., 2003; Ridgwell, 2003; Kö hler et al., 2005; Gaspari et al., 2006; Parekh et al., 2008) . Based on ice core records of CO 2 and dust over the last 60,000 years, Rö thlisberger et al. (2004) and Fischer et al. (2010) were able to estimate the limit of the effect of iron fertilization to approximately 10-20 ppmv.
Over the last decades great effort has been put into identifying a proxy for the biogenic activity of the SO from Antarctic ice cores and aerosol samples (e.g. Berresheim, 1987; Legrand et al., 1991; Davis et al., 1998; Legrand and Pasteur, 1998; Minikin et al., 1998; Cosme et al., 2005; Preunkert et al., 2007) . Of this, marine biogenic sulfur species (non-sea salt sulfate (nssSO 4
2À
) and methanesulfonate acid (MSA)) represent the most studied atmospheric tracers. Sulfate isotope records from ice cores could potentially provide additional information on biological activity, but up to now, only few data are available and their temporal changes are interpreted as reflection of the major atmospheric oxidation pathway rather than changes in the source (Alexander et al., 2003) . Taking the changes in oxidation into account their findings are in agreement with model results from Cosme et al. (2005) , where it was shown that at least 90% of all sulfate transported towards Antarctica is from marine biogenic production in the surrounding oceans. More precisely they are located in the region between 58 and 66 S Preunkert et al., 2007) , thus, mostly south of the Antarctic Polar Front at the northern sea ice edge.
Compared to coastal Antarctic sites, where ice core records mainly reflect local marine aerosol production, inland sites are representative of a relatively larger source area (Reijmer et al., 2002) which coincides with regions of enhanced marine biogenic activity (Cosme et al., 2005) . Blooms of certain phytoplankton groups such as dinoflagellates and coccolithophorides as well as Phaeocystis, which are very abundant in the SO, produce, e.g. dimethyl-sulfoniopropionate (DMSP) the precursor of dimethylsulfide (DMS). The latter is partly emitted into the atmosphere, mainly during austral summer (Curran and Jones, 2000) and ultimately oxidized in the marine boundary layer (MBL) to nssSO 4 2À and MSA (Davis et al., 1998; Preunkert et al., 2008) . Although the varying ratio of MSA to nssSO 4 2À is not known precisely, the main product from oxidation of DMS is always nssSO 4 2À . Ammonia (NH 3 ) and its form in the aerosol phase ammonium (NH 4 þ ) may potentially represent additional proxies for SO biological productivity not restricted to sulfur producing phytoplankton groups and would reflect the entire biomass produced in the SO. However, up to now only a few ice core studies (e.g. Legrand et al., 1999) have been carried out on NH 4 þ , mostly due to the challenging analysis of NH 4 þ as it is easily contaminated during sampling, storage or analysis.
In the off-shore regions of the ocean, NH 4 þ mainly originates from biological decomposition of organic matter, but there is a highly variable contribution by zooplankton as well (Johnson et al., 2007 and references therein) . Reduced nitrogen plays also an important role as nutrient for many phytoplankton species. Moreover, NH 4 þ is the major neutralizer of sulfuric acid and an important pH-regulator of the MBL aerosol (Bouwman et al., 1997 
Physical conditions of the ocean surface strongly influence the emission of DMS during algal blooms (Andreae et al., 2003) and subsequently the production of sulfur aerosol and the flux of NH 3 (Johnson and Bell, 2008) out of the ocean surface. Iron fertilization experiments showed that diatoms, which only produce low amounts of DMSP, are outgrowing other phytoplankton species when nutrient supply is increased (Martin et al., 1989; Coale et al., 1996; Riseman and DiTullio, 2004) . Accordingly, although NH 3 is principally derived from the overall biomass in the SO, its release to the atmosphere is not independent of marine biogenic sulfur aerosol production which provides the acidic aerosol that partly drives the NH 3 flux out of the ocean. Note, however, that despite all those limitations, the season of increased biogenic production in the SO is also the interval of strongly increased biogenic nssSO 4 2À , NH 4 þ and methane sulphonate concentrations in coastal Antarctic aerosol records Minikin et al., 1998 (Wolff et al., 2006) . MSA is subject to postdepositional loss from the snow pack in low accumulation areas , excluding it as biological productivity proxy in the interior of Antarctica. However, SO 4 2À and NH 4 þ are fully preserved in the snow pack after deposition (Silvente and Legrand, 1993) . Accordingly, the SO 4 2À and NH 4 þ records from the two EPICA ice cores are in principle able to preserve even rapid climate changes or short-term variability over the last 150,000 years in biogenic aerosol concentrations in the SO region properly. They may provide continuous records related to marine biogenic sulfur and reduced nitrogen emission to the SO atmosphere. Accordingly, they have the potential to reveal whether the marine biosphere underwent significant changes over the last 150,000 year and how this differs in the Indian Ocean and the Atlantic sector of the SO. Ultimately, they may shed light on the importance of the SO biosphere productivity for the observed low atmospheric CO 2 concentrations in cold climate periods (Siegenthaler et al., 2005) .
Methods
The ice cores from the two EPICA drill sites provide the data basis for this study: the EDML core from the high plateau of Dronning Maud Land [75 00 0 S, 00 04 0 E, 2892 m a.s.l.] facing the Atlantic sector of the SO and the EDC core from Dome Concordia [75 06 0 S, 123 21 0 E, 3233 m a.s.l.], with the Indian sector of the SO as main source of deposited aerosol (Reijmer et al., 2002) . In contrast to EDC, which is located on a dome, EDML is located on a ridge with a horizontal surface velocity of approximately 1 m per year . Due to that, the oldest dated ice of 150,000 years BP at 2415.7 m depth The error of all ion concentrations is in general below 10%. For sulfate the relative concentration error of the analysis is below 5% (Gö ktas et al., 2002) and for ammonium the error is below 10% (Rö thlisberger et al., 2000) . The EDC concentration measurement of NH 4 þ in the period from 0 to 12,000 years BP is subject to a slightly larger error due to problems with the analysis setup. However this does not represent a major constraint for the interpretation of the EDC NH 4 þ dataset. The EDML SO 4 2À record from coarse resolution samples (meter-means) revealed a constant systematic offset of À20 ppb compared to high resolution samples (5 cm) at the same depth interval below 450 m (equivalent to about 6700 years BP). Supposedly, this loss occurred in a dust particle laser counting device, which only the water stream for the low resolution samples had to pass and we corrected the low resolution samples accordingly to averaged high resolution measurements. Low resolution samples above 450 m depth did not pass the dust device and did not show a systematic offset from the high resolution samples. Both sites have a low accumulation rate (Fig. 2 , below 100 kg/ year m 2 ) and are, thus, expected to obtain the majority of the total aerosol flux by dry deposition (Wolff et al., 2006; Fischer et al., 2007a) . Therefore, ice concentration records have to be corrected for the diluting/concentrating effect of higher/lower accumulation rate (both temporally as well as spatially upstream for EDML). Accordingly, aerosol fluxes (calculated by multiplying the mean concentration of a certain period with its inferred accumulation rate) are more representative for the atmospheric concentration changes of aerosol at low accumulation sites (Fischer et al., 2007a ). The accumulation rates were derived from the stable water isotope temperature records as input to a thermodynamical precipitation model (Fischer et al., 2007a) and are therefore subject to a rather large systematic uncertainty estimated to be around 30%. The combined error for the nssSO 4 2À and NH 4 þ deposition fluxes is therefore typically around 35% as indicated in Fig. 2 by the shaded area. In Fig. 1 , the molar ratio between NH 4 þ and nssSO 4 2À represents an indicator of the degree of neutralization of sulfuric acid by ammonia. Since this parameter is not influenced by the accumulation uncertainty, its error is only 11%. The depth resolution of the continuous NH 4 þ measurement is typically 1.2 cm . For the purpose of this study the records of CFA and IC were down-sampled to a depth scale of 1 m resolution, the least common denominator. The largest time interval covered by a one meter-average, within the period as far back as 150,000 years BP is 627 years for EDML (on the EDML1 age scale, Ruth et al., 2007) , and 206 years for EDC (on the EDC3 time scale, Parrenin et al., 2007) . Hence, a common temporal resampling of the records was chosen to be 1000 years to avoid oversampling of the record. The sea salt (ss) fraction of Na þ as well as the non-sea salt (nss) fraction of Ca 2þ was calculated according to Bigler et al. (2006) based on the ion composition of Na þ and Ca 2þ spikes in the EDC record, respectively. Those ratios reflect more closely the partial origin of sea salt aerosol from sea ice formation Rankin et al., 2002) 
In contrast, the ssNa þ aerosol concentrations peak in the austral winter where the sea ice aerosol source is expected to be strongest (ion ratio in sea ice derived sea salt aerosol of 0.07, Rankin et al., 2002; Weller and Wagenbach, 2007) . Here we used the sea ice derived ion ratio to correct for ssSO 4
2À
. Because of the seasonal variation in the origin of sea ice aerosol described above, the corrected nssSO 4 2À concentrations will somewhat overestimate the true value. Note, however, that on average sea salt contributes only about 2% to the total SO 4 2À budget at both sites, so this error is negligible.
Results
The concentration records between the two sites are surprisingly similar for nssSO 4 2À and also for NH 4 þ ( Fig. 1 . The latter shows comparable concentrations for the last two glacial and interglacial periods, respectively.
As mentioned before, the ancient atmospheric aerosol variability, is better represented by the flux records, which are substantially different from the concentration records and also between the two sites ( Fig. 2 and Table 1 ). The most important feature of both the nssSO 4 2À as well as NH 4 þ flux records is the absence of any significant glacial cycles, in contrary to what is found for mineral dust and sea salt aerosol over the last 150,000 years ( Fig. 2) . The almost constant nssSO 4 2À flux at EDC has been previously attributed to mostly unchanged marine sulfur productivity in the Indian Ocean sector of the SO and a stable atmospheric transport regime through the late Pleistocene (Wolff et al., 2006) . At first glance, the EDML nssSO 4 2À record confirms this conclusion showing little glacial-interglacial variations, and the inter-site correlation r 2 ¼ 0.42 (n ¼ 150) is clearly weaker as for the concentration records. The changes of the flux at the major transitions as listed in Table 1 hardly ever exceed the uncertainty band of AE35%, which is dominated by the systematic uncertainty of the accumulation rate estimate between glacial and interglacial. Note that this constancy in the flux records implies that the significant variations in concentration records are essentially reflecting the glacial/interglacial changes in snow accumulation rate. Concerning the significance of any glacial-interglacial change in the fluxes found at EDML compared to EDC, it should be taken into account that a larger fraction of the aerosol is wet deposited at EDML in recent times (Reijmer and Van den Broeke, 2001; Gö ktas et al., 2002) . Therefore, the fluxes of NH 4 þ and nssSO 4 2À represent conservative indicators for the past atmospheric aerosol concentration change and the true variability would be even lower (corrected for any wet deposition, which is itself dependent on snow accumulation). In any case, even the local minima in the EDML fluxes of nssSO 4 2À and NH 4 þ around 12,000 years BP do not clearly exceed the uncertainty band (shaded band in Fig. 2 ). Furthermore this dip is not visible in the concentration record also pointing at a bias in the accumulation rate estimate. The overall picture of the NH 4 þ flux records is somewhat more complex; particularly for EDML, where the aerosols were once deposited further upstream (Fischer et al., 2007a) 2 year for EDC, respectively. Accordingly, we derive an average volcanic contribution to the total nssSO 4 2À flux (1000 year averages) in Fig. 2 of only about 8% for EDML. This is comparable to the volcanic sulfate contribution at EDC of 6% (Castellano et al., 2005) . More importantly, there is little change in the frequency of volcanic eruptions in the southern hemisphere between glacial and interglacial (Castellano et al., 2003) , implying no systematic difference in the volcanic contribution to the total nssSO 4 2À flux. and may be overestimated, due to contributions from non-terrigeneous SO 4
2À
. Investigations on sulfate isotopes from ice cores by Alexander et al. (2003) revealed that neither the dust (7%) nor the stratospheric contribution play a major role, in line with our findings.
Vice versa, taking the absence of glacial-interglacial cycles for the nssSO 4 2À flux into account (Fig. 2) , we argue that the mineral dust contribution is minor and may only be apparent in the second order variability of nssSO 4
. Our long-term nssSO 4 2À record is clearly dominated by marine biogenic sulfur throughout the last 150,000 years. In contrast to Greenland, where most of the NH 4 þ originates from soil emission and biomass burning (Fuhrer and Legrand, 1997) , the major ammonium aerosol source for the interior Antarctica has been supposed to be located in the SO (Legrand et al., , 1999 Sommer et al., 2000) . Orthogenic NH 4 þ emission related to local Penguin colonies may be important for the local budget at coastal Antarctic stations but account only for a minor part of the NH 4 þ budget in the interior of Antarctica Rankin and Wolff, 2000) . Furthermore, no potential anthropogenic increase since preindustrial times (Galloway et al., 2004; Tsigaridis et al., 2006 ) is visible in Antarctic firn NH 4 þ flux records . The life time estimate for particulate NH 4 þ is of a few days (Adams et al., 1999) . Accordingly, a low continental NH 4 þ input into Antarctica is in line with the rapid removal from the atmosphere during transport. Thus, the Southern Ocean is most likely the major source of NH 4 þ for the interior of Antarctica. To pin down the seasonal timing of the transport of NH 4 þ aerosols from the ocean to the remote ice sheet, we focus on atmospheric and firn core measurements. Only a few reliable aerosol NH 4 þ data are available from Antarctica, as these samples are easily contaminated during sampling and storage (Silvente and Legrand, 1993; Littot et al., 2002) . To investigate the arrival of the major NH 4 þ aerosol load at EDML in recent time, firn core analysis in sub seasonal resolution can provide assistance. CFA measurements of the B33 firn core from a site close to EDML extending over the past 2000 years feature a w2 month delay of the NH 4 þ aerosol peak compared to Na þ , which peaks in September Weller and Wagenbach, 2007) . Therefore NH 4 þ aerosol concentrations peak in spring/summer slightly earlier in the year than nssSO 4 2À which has its maximum in December/ January at EDML and EDC, simultaneously to the corresponding aerosol load at the coastal stations of Neumayer and Dumont d'Urville Piel et al., 2006; Preunkert et al., 2008) . The nssSO 4 2À peak is in phase with the source strength of the marine nssSO 4 2À source between 58 and 66 S Cosme et al., 2005; Preunkert et al., 2007) . This seasonal decoupling shows that although the transport of NH 4 þ to the ice sheet requires acidic aerosol it is not entirely controlled by the sulfate aerosol concentration. The preceding NH 4 þ peak could be an indication that the dominant NH 4 þ source region lies in a more northerly band of the SO compared to the DMSP emission maximum and is less influenced by the seasonal sea ice coverage. found a roughly simultaneous peak for both species measured in coastal aerosol. This is not necessarily contradictory to the preceding NH 4 þ peak at EDML as the SO source areas seen at the coastal sites are located close to the sampling site. This argumentation provides further evidence that the NH 4 þ investigated in ice cores far inland Antarctica originate mainly from the MBL above the SO, from a source region which is at least partly congruent to the one of marine nssSO 4 2À and most likely also partly due to additional marine NH 4 þ sources located north of the primary nssSO 4 2À production region. Thus, this record can potentially serve as a complementary proxy for the marine biogenic activity.
The molar NH 4 D /nssSO 4 2L ratio
The average molar ratios of
] (R NS ) on the Antarctic plateau are very low (around 0.05, Fig. 1 ) and at surprisingly similar level for both sites. Also the studies of Legrand et al. ( , 1999 provided R NS with typical values for inner Antarctica in the range of 0.1 and for costal snow of about 0.3. Several studies on marine aerosol agree on a ratio on the order of 0.3 for aerosols transported in an air parcel originating from the remote Southern ocean (O'Dowd et al., 1997; Norman et al., 2003; Norman and Leck, 2005; Virkkula et al., 2006; Ooki et al., 2007) . Note that measured R NS in the SO region is always far from complete neutralization of sulfate aerosol; accordingly, the availability of acidic sulfate aerosol does not stoichiometrically limit the atmospheric NH 4 þ concentration. The measured R NS values fit with results of the co-emission model by Johnson and Bell (2008) Referring to the typically R NS value of 0.3 within the MBL source region relevant for the interior of Antarctica, an almost one order of magnitude depletion of this ratio is needed to achieve the values observed at EDML and EDC. The R NS of ammonium sulfate aerosol in an isolated, marine air mass traveling over the ice sheet is expected to steadily decrease as nssSO 4 2À builds up from the SO 2 (DMS) precursor, whereas the extremely low atmospheric NH 3 level (with respect to NH 4 þ ) may be neglected for subsequent NH 4 þ formation. A similar situation holds for the MSA/nssSO 4 2 system (though more complicated), where a systematic decrease in the MSA/nssSO 4 2À ratio was observed in aerosol samples going from costal regions towards interior Antarctica (Table 2) . Minikin et al. (1994) , Piel et al. (2006) and Preunkert et al. (2008) suggest that the oxidation of (marine) SO 2 during transport onto the plateau could significantly increase the SO 4 2À concentration therefore lowering the MSA/ nssSO 4 2À ratio. However, respective depletions observed so far hardly exceed a factor of two and are much smaller than our change in the NH 4 þ /nssSO 4 2À ratio. However, we may expect R NS values much lower than 0.3 above the MBL of the SO, hence in air masses readily to be transported onto the high plateau. This is due to the very rapid nucleation of NH 3 in the highly acidic MBL of the SO, leading to a stronger vertical NH 3 depletion, whereas the SO 2 lifetime is sufficiently large to reach the free troposphere, where additional sulfate but almost no additional NH 4 þ is produced (Davis et al., 1998; Adams et al., 1999; Preunkert et al., 2008) . Accordingly, we suggest that the NH 4 þ bearing aerosol providing NH 4 þ to the interior of the Antarctic ice sheets may have initially derived from the free troposphere over the SO, starting already with a lowered R NS , which is further enriched in SO 4 2À during transport. shown. R NS values were summarized from references in this publication (e.g. Silvente and Legrand, 1993; Norman et al., 2003; Virkkula et al., 2006) and from our own records. 
Biogenic productivity tracers from the Southern Ocean
The most conspicuous feature of the NH 4 þ and nssSO 4 2À flux records in Fig. 2 is the absence of any significant glacial/interglacial variations. It seems unlikely that different climate parameters have been balanced exactly to keep the fluxes on a constant level (Wolff et al., 2006) , although such a compensation cannot be entirely ruled out on the basis of currently available data. Since R NS values at the source are at the same time always far from neutralization and the NH 4 þ aerosol content being, therefore, not limited by atmospheric sulfate concentrations, we conclude that both the biogenic sulfur as well as the biogenic production of reduced nitrogen in the SO remained rather stable between glacials and interglacials. From this it follows that also the production of both marine biogenic sulfur and nitrogen had most likely not changed substantially between glacial and interglacial. When looking in more detail, secondary changes in the NH 4 þ and nssSO 4 2À flux records on the order of <30% can be observed. These could be entirely explained by a systematic error in the accumulation rate estimate. Nevertheless, in the following the potential contributions of individual processes such as iron fertilization, sea ice extent and transport to these subdued millennial variations will be discussed.
The effect of iron fertilization
The mobilization of aeolian dust in Patagonia was drastically stronger during glacial periods than it is today (Basile et al., 1997; Lambert et al., 2008) . As a consequence, dust fluxes towards Antarctica were on average 25 times higher in the glacial compared to warm stages (Lambert et al., 2008) , with three times higher dust flux at EDML than at EDC (Fig. 2 and Fischer et al., 2007a) . Apart from, the difference in the accumulation rate this is mainly due to the distance of both drill sites to the dominant Patagonian source, and, in principle, should result in a higher input of dust to the Atlantic sector compared to the Indian sector of the SO, affecting the growth of phytoplankton. The macronutrient supply in the SO is in principle sufficient to enable a high biological productivity, however, at the present state only relatively small amounts of chlorophyll, as indicator for algae growth, are observed (Martin et al., 1990) . This is attributed to an insufficient supply of iron, strongly limiting the growth of phytoplankton. While an influence of iron input on export production, determining the storage of biogenic carbon in the abyss, could not be ascertained, an unequivocal fertilization effect on primary production has been proven by nutrient fertilization studies in the SO (Coale et al., 1996; Smetacek, 1998; Ridgwell and Watson, 2002; Buesseler and Boyd, 2003) . In glacial periods, when the input of aeolian dust and, thus, iron to the SO was strongly increased , the iron limitation may have possibly been abolished, enabling enhanced biological productivity (Martin et al., 1990; Martínez-Garcia et al., 2009 ). Note, that recent studies on opal production in the SO show the highest opal sediment fluxes during the glacial/interglacial transition and during the warm events in MIS 3, where dust levels were decreased from the LGM maximum and atmospheric CO 2 was nevertheless higher (Anderson et al., 2009 ).
Alternatively, a higher utilization of macronutrients at the surface during the glacial could be also explained by a higher surface stratification (Francois et al., 1997) , leading to a more complete use of the reduced upwelling flux of macronutrients from below. A change in the mixed layer depth generally leads also to a change in the DMS production (Simo and Pedros-Alio, 1999) (Fig. 3) , however, when taking the whole data set into account (including interglacials and glacial maxima) the correlation coefficient drops to 0.30 (n ¼ 2284). When looking more closely at Fig. 3 Antarctica this increase is even smaller or completely absent. Hence the dust flux to the SO seems not to have significantly affected the productivity of the marine biota over the last 150,000 years.
The effect of sea ice
Marine biological productivity is potentially affected by sea ice conditions in various ways. For example a region covered completely and continuously by sea ice is not available for the growth of phytoplankton. Furthermore, the timing of the melting and growth of seasonal sea ice affects algal blooms. Also a repository function of sea ice for dust deposited during winter has been suggested (Sedwick and DiTullio, 1997) .
Modern as well as LGM sea ice conditions have been reconstructed by Gersonde et al. (2005) . In the LGM, a maximum summer sea ice extent (SIE) at approximately the modern winter SIE is suggested for the Atlantic sector, whereas the maximum winter SIE was shifted by about 10 to the north up to 47 S. In the southern Indian Ocean, the differences between summer and winter SIE during the LGM were more pronounced than the modern SIE variability. The glacial summer-SIE is near the modern summer sea ice edge and a largely extended winter sea ice edge proceeded up to about 57 S. Hence, seasonal sea ice in the Indian Ocean sector has decreased strongly from the LGM to the Holocene whereas the sea ice seasonality in the Atlantic sector underwent a slight decrease only.
Several studies support the assignment of ssNa þ records from Antarctic ice cores mainly to the production of sea ice in the SO. Sea ice derived ssNa þ is supposed to stem mainly from frost flower production at the surface (Rankin et al., 2002) or the blowing of salt depleted sea spray onto fresh snow lying on the sea ice (Yang et al., 2008) , and should be closely coupled to the formation of sea ice and a first order estimate of the total sea ice area (Iizuka et al., 2008) .
Comparing the fluxes of nssSO 4 2À and NH 4 þ with ssNa þ does not support a coupling of a production of nssSO 4 2À and sea ice on long time scale, as illustrated by the lack of correlation between records in Fig. 4 . For EDC, the constancy of our records can be attributed to a summer-SIE which potentially retreated to rather the same latitude over time. But at EDML, the temporally constant seasonal sea ice area in the Atlantic sector of the SO combined with the shift of the seasonal sea ice edge should cause a decrease in air concentration of sulfate as the distance to the source is longer. However, over time nssSO 4 2À remains on the same level and consequently, the position of the summer sea ice edge seems to have no dominant effect on the nssSO 4 2À flux records at both sites. Also Preunkert et al. (2007) have not found a clear dependency between MSA aerosol measured at Dumont d'Urville and the sea ice extent for recent time. This is in contradiction to results from Law Dome, Antarctica, where a correlation between recent maximum SIE in the adjacent ocean and MSA in the ice is observed (Curran et al., 2003) . However, the coupling between DMS production and SIE may spatially vary (Abram et al., 2007) . In any case, the recovered ice core records of nssSO 4 2À and NH 4 þ seem not to be affected by the sea ice coverage on the long time scale.
The effect of transport
In addition to potential changes in the source strength of NH 4 þ and nssSO 4 2À aerosol due to a change in biological activity, also changes in the transport efficiency could lead to changes in the atmospheric aerosol concentration in the interior of the Antarctic ice sheet. In this respect an often encountered conjecture on the atmospheric circulation in the SO during glacials is an increase in westerly winds and cyclonic activity due to the increased pole to equator temperature gradient. Coupled general circulation models, however, do not unambiguously support this conjecture (Menviel et al., 2008) . In addition, model studies looking at transport of mineral dust from Patagonia suggest only a small decrease or even an increase in transport time to Antarctica (Reader et al., 1999; Lunt and Valdes, 2001 ). The same holds true for dust transport time estimates based on the differential dust change between the EDML and EDC ice core (Fischer et al., 2007b) . However, those models and observations on mineral dust need not necessarily hold for the transport of marine biogenic species, which are transported from the open ocean surface to Antarctica in lower altitudes and which exhibit a strongly different life time. In the publication of the subset covering the time period from 20,000 to 75,000 years BP (MIS 2 and 4, dark colors) and the correlation coefficient has been determined. In the dark-red color plot on the right essentially the same dataset from EDML is presented but after subtraction of a linear trend. Castebrunet et al. (2006) a sulfur chemistry model was combined with an atmospheric general circulation model to study the production of biogenic sulfur aerosol and its transport from the SO towards interior Antarctica for Holocene as well as LGM conditions. They found that the biology of DMS production shows little variation over this time period and could approve the constant fluxes of nssSO 4 2À in the EDC ice core.
As a first order estimate whether a change in transport efficiency is able to explain the variability observed in the fluxes of nssSO 4 2À and NH 4 þ at EDML and EDC, we use a one-dimensional transport model according to Fischer et al. (2007a) with c air (t) ¼ c air (t ¼ 0) exp(Àt/s). The transport time has been set to t ¼ 5 days (Reijmer et al., 2002) and the residence time to s ¼ 4 days, but other reasonable parameter-sets would not affect the outcome significantly. In the absence of air concentration values of nssSO 4 2À and NH 4 þ , we use the flux as determined from the ice core as representative for c air (t). Consequently, the assumption of transport being solely responsible (no change in source strength, c air (t ¼ 0) Holocene ¼ c air (t ¼ 0) LGM ) for the observed 20% short-term variability would imply travel time changes on the order of 16%. This is similar to the range suggested by model studies of transport time during the LGM towards southern Polar Regions (Krinner and Genthon, 2003) . Consequently, we cannot exclude transport changes as a cause for the secondary variability of the nssSO 4 2À and NH 4 þ fluxes at EDML and EDC. Again, we have to stress that those small variations may be entirely explained by systematic errors in the accumulation rate estimate used to calculate aerosol fluxes.
Conclusions
The constancy of the fluxes of NH 4 þ and nssSO 4 2À found in the EPICA ice cores in the Indian but also in the Atlantic Sector of interior Antarctica, is an indicator for the absence of significant changes in the marine biological activity over the last 150,000 years. For the first time, a reliable and long-term NH 4 þ flux record is presented that may serve as additional quantitative biological productivity proxy, which in contrast to nssSO 4 2À would be more representative for the entire biomass production processes in the Southern Ocean (SO). Both species, however, interact at the marine source (co-emission concept), leading to a partial neutralization of acidic nssSO 4 2À by NH 4 þ . The lack of correlation between our records and ssNa þ (a marker for the sea ice extent) in contrast to the short atmospheric residence time brings further evidence that the seasonal biological activity took place north of the summer sea ice edge. Surprisingly, the enhanced mineral dust deposition to the SO in glacial time seems not to have substantially affected neither the nssSO 4 2À nor the NH 4 þ aerosol load in interior Antarctica, and, hence, the productivity in the SO. This is in contradiction with the iron fertilization hypothesis and argues against strong changes in biological productivity in the SO, both in the Atlantic as well as in the Indian Ocean. The secondary variation (<30%) of the NH 4 þ and nssSO 4 2À flux records lie within the range of the variability of transport and potential changes in source strength but may also be related to a systematic error in the accumulation rate estimate used to calculate deposition fluxes. Furthermore, an obvious trend in the EDML NH 4 þ data (Fig. 2) , possibly attributed to an upstream effect, is an open issue that needs further investigations. For this, shallow ice core and snow pit samples investigated with a field-deployable CFA system could provide reliable data. To confirm our conclusion, yeararound NH 4 þ aerosol monitoring at Dome C and EDML would be helpful as providing essential information about the transport to interior Antarctica and the exact timing of the seasonal maximum relative to nssSO 4 2À . 
